Figure 2. Trifilar pendulum with an RSP. RSP primary axes of rotation (z-axis shown) are aligned with the platform's axis of rotation.
INTRODUCTION
Body segment inertial properties, i.e. mass, center of mass position, and moment of inertia, affect the joint kinetics and subsequent limb control during ambulation. Accurate segment inertial property measurements are necessary to accurately calculate kinetic parameters. For amputees, prosthesis inertial properties can influence gait mechanics [1] . To our knowledge, only one study to date [2] has reported inertial property values for a running-specific prosthesis (RSP), so limited information exists on the inertial properties of different RSP designs, different stiffness categories within a design, and methods to measure these properties. The purpose of this study was to determine the inertial properties for four commercially available RSPs across three stiffness categories for each model. Use of a trifilar pendulum is described to measure these values along with errors associated with the measurements.
METHODS

RSPs included the Freedom Innovations Nitro,
Ossur Cheetah, Ossur Flex-Run, and Otto Bock 1E90. Prosthesis masses were measured using a standard laboratory scale. The center of mass (COM) for each prostheses in the sagittal plane (x-z plane) was measured using a reaction board [3] . Equation 1 was then established to calculate the COM of an RSP in the absence of available equipment to directly measure this quantity. The COM relates to the RSP head and toe via:
(1) | | is the head-toe vector magnitude, r is the ratio of the head-COM (| |) and | | vector magnitudes, θ is the angle between and vectors, and describes the x, y, and z components of the unit vector. Fig. 1 shows a schematic of these variables.
The inertial properties of all prostheses along their principal axes were calculated by placing them on a trifilar pendulum ( Fig. 2 ) and measuring the periods of oscillation [4] . The pendulum consisted of a rigid equilateral plexiglass triangle with its corners suspended from a custom built frame by equidistant wires. Periods of oscillation were measured with a background suppression reflective photoelectric sensor. The local coordinate system of each prosthesis was defined to originate at the COM. Prostheses COM were aligned with that of the triangular platform, determined to be the centroid of the triangle. Each principal axis of each prosthesis was aligned with vertical ( Fig. 2) . The platformprosthesis system was then oscillated about each primary axis of rotation. The moment of inertia about each axis was calculated via Equation 2 [4] : (2) where R is the distance from each wire connection to the center of rotation, g is gravity, τ is period of oscillation, L is wire length, m p is platform mass, m o X Z COM Head Toe θ is object mass (RSP), and I pzz is moment of inertia of the platform about its rotational axis.
System Validation:
The pendulum's accuracy was determined by measuring moments of inertia of an aluminum block with known values. Errors induced by linear (1-10cm in 1cm increments) and rotational (±5°) misalignment of the object's and platform's COM and axes of rotation were also examined.
RESULTS and DISCUSSION
Mass, center of mass position, and moment of inertia varied by less than 0.134kg, 0.04m, and 0.0038 kg·m 2 , respectively, between stiffness categories within any RSP design, but varied more substantially between different RSP designs. Table  1 presents inertial property measurements for the middle stiffness category of each RSP along with the predicted COM positions using Equation 1.
Predicted COM values for all RSPs and stiffness categories ranged in error from 0.1-2.8 cm with a majority of errors less than one centimeter along the x-and z-axes. Intact limb center of mass predictions are shown to vary by greater than 2 cm when using different predictive equations [5] . This suggests that center of mass predictions within the range reported in this study are within error rates commonly accepted in gait studies.
Moment of inertia errors were -6.21 x10 -5 kg·m² for the horizontal and -2.65 x 10 -6 kg·m² for the vertical axes of the aluminum block, which represent a 1% and 0.1% error in the results, respectively. Misalignments of object and platform COM positions ≤ 5cm produced errors less than 0.002 kg·m 2 , which is lower than differences in intact foot moments of inertia due to measurement technique differences [5] . This indicates that using a trifilar pendulum to estimate moments of inertia of prosthetic components will yield errors less than those currently accepted in the literature for intact limbs, as long as the prosthesis center of mass is aligned within 5cm of the pendulum's center of mass. Angular misalignment of ±5° from neutral resulted in errors of less than 8.55 x10 -4 kg·m² for the x-and z-axes. A limitation of this study is that inertial property measurements only included RSP keels. Inertial properties for sockets and connecting pylons were not investigated.
CONCLUSIONS
Inertial properties and a predictive equation to determine the COM of RSPs were presented. These data may be used for predicting inertial parameters of similar RSP designs. The predictive equation and pendulum method measured inertial properties with errors equal to or less than those found in commonly used predictive methods for intact limb inertial parameters. 
